The correlation and prediction of physical properties of ionic liquids (ILs) is important in the development and design of novel structures for a variety of applications. In particular, for the application as electrolytic media for electrochemical applications, the electrical conductivity of ILs is an important property. Herein, we define a novel model called the UNIFAC-CONDUCT for the estimation of IL conductivity which mimics the principles of the UNIFAC-VISCO model. 784 data points for 38 ILs were used to establish this group contribution model, covering a wide range of temperature (248.15-468.15 K) and a broad range of electrical conductivity (0.002-14.54 S·m -1 ). Three sets of UNIFAC-CONDUCT parameters were determined to calculate the conductivity of pure ILs by three methodologies wherein the parameters of ion VFT equations, A, B and To, and binary interaction parameters, αmn, are selectively either fixed (based on previously reported values) and/or optimized by Marquardt technique. Correlations by the three methods are compared and analyzed, and further correlated with the previously predicted viscosities using the Nernst-Stokes relationship to support the quality of both the UNIFAC-VISCO model, previously proposed by our group, and the UNIFAC-CONDUCT model developed in this paper. Finally, the quality of the proposed method was further assessed through the prediction of the conductivity of one binary system containing two different ILs as the function of the temperature and composition with an accuracy close to 4.1 %.
Introduction
Ionic liquids (ILs) are organic salts that are liquid at temperature below 100 °C [1] .
Recently, ILs have been investigated increasingly in industry and academia, due to their low vapor pressure, high conductivity, wide electrochemical window, and chemical and thermal stability. It is well-recognized that one of the most promising application for ILs is their use as electrolytes for energy storage systems, such as batteries, fuel cells and supercapacitors [2] . For these applications, the design of task-specific ILs with high ionic conductivity is crucial. Hence, a thorough knowledge of their conductivities is essential to formulate novel electrolytes [3] . Taking into account the number of possible IL combinations, the development of methods able to estimate accurately their properties is highly desired.
Literature models have been reported for the prediction and correlation of ionic conductivity of pure ILs. The first approach is to relate the conductivity to other properties of ILs. Slattery et al. [4] reported a strong relationship between the molecular volumes, , and conductivities, σ, of ILs, as shown in eq. 1.
where and ℎ are fitting parameters.
Using this relationship, these authors correlated the experimental conductivities of
[NTf2] -, [DCA] -, [BF4] -, and [PF6]based ILs using eq. 1 with 2 being 0.9871 [4] .
However, in this instance, limited data points were used; only 12, 3, 3, and 3 data points for [NTf2] -, [DCA] -, [BF4] -, and [PF6]based ILs, respectively.
In addition, Bogdanov et al. [5] proposed another linear correlation (eq. 2) between the conductivity of -substituted ILs and substituent constant, , for each homologous series of ILs. In total 69 experimental data points, covering 17 homologous series of ILs, were selected, with the fitting result ( 2 ) better than 0.9615.
where, a and 0 are a fitting parameter and the conductivity of the methyl-substituted IL of a homologous series, respectively.
The second approach is the group contribution model for the prediction of the electrical conductivity of ILs. Gardas and Coutinho [6] calculated the adjustable parameters ( and ) of the Vogel-Fulcher-Tammann (VFT) equation (eq. 3) by using a group contribution method (eqs. [4] [5] by fixing the fitting parameter related to the temperature, 0 , to 165.06 K for all ILs studied.
where is the total number of different groups in the IL, is the number of occurrences of group , and and are parameters of group . In total 307 experimental data points from 15 ILs were regressed to obtain the group parameters and , with a 4.57% overall relative deviation between the experimental data and the correlated values.
Similar to the method proposed by Gardas and Coutinho [6] , and Wu et al. [3] expressed the adjustable parameters ( , , and 0 ) of the VFT equation using a series of more complicated group contribution equations (eqs. 6-8). Gharagheizi et al. [7] proposed a least square support vector machine-group contribution (LSSVM-GC) model for the estimation of pure conductivity. Parameters ( =1, 2, … 11) of 11 sub-structures on cations and parameters ( =1, 2, … 11) of 11 sub-structures on anions were used to establish this group contribution model.
An average deviation of 3.3% is acceptable given that 1077 experimental conductivities for 54 ILs were predicted. However, the complexity of this model limits its applicability to a wider range of types of ILs.
The fourth approach reported in the literature is based on the hole theory. Abbott [8] first applied the hole theory to predict the viscosity of ILs. Afterwards, Zhao et al. [9] modified the hole theory model to facilitate the estimation of the conductivity of ILs and reported a comparison of the new and conventional hole models by utilizing a range of 24 ILs (one data point for each IL). They report that the estimation accuracy of the new methodology was increased from the order of 27%, by the original method, to 11.87%.
Tochigi et al. [10, 11] proposed two different Quantitative Structure Property Relationship methods (QSPR) for the estimation of conductivity of ILs. Two different sets of descriptors, establishing two different polynomial expansion models, were used to calculate the conductivity of ILs. However, it is not convenient to apply these methods due to the complexity of the polynomial expansions.
In this work, we define a novel model called the UNIFAC-CODUCT, on the basis of the 
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The UNIFAC-CONDUCT model.
In our previous paper [40, 41] , new methods based on the UNIFAC-VISCO model have been reported for the evaluation of the viscosity of pure ILs, and their mixtures with another IL or molecular solvent, (IL + IL) or (IL + solvent) binary mixtures as the function of temperature and composition at atmospheric pressure. It is very well-known that the conductivity is a nonlinear property and, like viscosity, can be fitted by using the simple exponential equations, such as Arrhenius, Litovitz, and VFT equations [42] . Consequently, the UNIFAC-based model, namely the UNIFAC-CONDUCT, was developed herein to estimate the conductivity of pure ILs.
The equations of the UNIFAC-CONDUCT model, described below, are similar to the UNIFAC-VISCO formulations described by our group previously [40] .
The conductivity in the UNIFAC-CONDUCT method is defined as:
Herein, subscript represents the component in the pure IL (i.e., the cation and anion); is the number of the components in the IL and equal to 2; is the mole fraction of the cation/anion ( 1 = 2 = 0.5); is the conductivity of the ion and expressed by using the VFT equation (eq. 10); is the effective molar volume of the ion and calculated based on a group contribution method previously proposed by our group [43, 44] ; is the molar volume of the pure IL;
where = − 298.15, = 0.1 MPa, and is the volumetric parameters at reference pressure. The values of the volumetric parameters used during this work are presented in Table S1 of the Supporting Information.
The UNIFAC-CONDUCT combinatorial term reported in the eq. 9 is defined by:
where subscript denotes the groups; is the total number of groups present;
, is the total number of ℎ group present in component ; and are the group surface area parameter and volume parameter, respectively. The values of volume and surface area parameters of ions used were simulated by using the COSMOtherm software (version C30_1501) by following the methodology previously described by our group [45] , and are given in the Table S2 of the Supporting Information.
The UNIFAC-CONDUCT residual term reported in the eq. 9 is defined by:
where is the residual activity coefficient and can be calculated as follows:
where
where are the group interaction potential energy parameters between and , determined through the regression of the collected experimental data as reported in the Supporting Information. Herein, the COSMOthermX software was used to determine only the group surface area ( ) and volume ( ) parameters, which are required for the calculation of the UNIFAC-CONDUCT combinatorial term.
In our previous work, a set of binary interaction parameters between ionic groups and a set of VFT parameters ( , , and 0 ) for the effective viscosity of ions have been reported [41] . Herein, three methods were applied for the estimation of pure ILs conductivity and the results determined by these three methods are compared and analyzed. To obtain the unknown parameters, we performed the Marquardt optimization [46] of the objective function (OF), as reported in eq. 21.
Herein, 784 experimental conductivity data of 38 ILs were regressed altogether and this regression process was achieved by using a nonlinear least-squares function in
MATLAB Optimization
Toolbox. An overview of the experimental data collected for 38
ILs is presented in Table 1 . The developed MATLAB program, available in the supporting information, contains all parameters (binary interaction and VFT parameters) estimated during this study for each method reported below.
Method 1: Estimation of IL conductivity by using a fixed set of and .
The first method is to fix the values of interaction parameters and the values of reference temperature 0 for each ion as those described in our previous work for the UNIFAC-VISCO model [41] . In this case, the unknown parameters are only and of the VFT equations, used to describe the effective conductivity of ions as a function of temperature.
Method 2: Estimation of IL conductivity by using a fixed set of .
For the second method, we only keep the values of as reported in our previous work [41] , and the ion VFT parameters ( , , and 0 ) were calculated by minimization of the objective function using all the experimental data.
Method 3: Estimation of IL conductivity by using a new set of and .
The third method is to obtain a totally new set of parameters ( and 0 ) which could be potentially used only for the UNIFAC-CONDUCT model by minimization of the objective function using all the experimental data.
Results and Discussion
Three sets of UNIFAC-CONDUCT parameters (i.e. VFT parameters and binary interaction parameters ) are listed in Tables S3-S7 of the Supporting Information. The regression results were demonstrated by calculating the relative absolute average deviation (RAAD, eq. 22) between the experimental conductivities and the correlated values.
The overall RAAD resulting from the first, second, and the third method is close to 9.9%, 9.2%, and 2.3%, respectively. The parity plots between the experimental and the calculated values by using these three different methods are shown in Figure 1 . Similarly, as shown in Figures 3 and 4 , effects of both anion and cation structure on the conductivity seem to be properly described by each method. From Figure 4 , one can clearly see, as expected from literature data [16, 29, 30, 33, 34, 36] , an increase of the alkyl chain length from n = 1 to 2 for the series [Cnmim][NTf2] results in a slight increase in conductivity prior to a marked decrease (for n > 2), for example. However, it can be also notified from Figure 4 that at 298.15 K, by using both methods 1 and 2 the conductivity data are over or under predicted for short (n < 4) or for long (n > 4) alkyl chain length, which is not observed in the case of the method 3 as expected.
However, the original idea to keep the values of the 0 and parameters in the UNIFAC-CONDUCT model similar to those determined for the UNIFAC-VISCO model [41] has a physical meaning, which may reflect the ILs cohesive energy. Furthermore, this logic also limits the number of unknown parameters during the regression and thus the estimation of the conductivity and/or viscosity of pure ILs. According to the Nernst-Einstein equation, the molar conductivity ( Λ ) of an electrolyte species is related to its self-diffusion coefficient ( ) as follows:
where is the valence of the charge carrier, is the Avogadro number, 0 is the elementary charge, and is the Boltzmann constant. The molar conductivity (Λ) is defined as the conductivity ( ) divided by the concentration of the charge carriers ( ):
where, is the moles of the charge carriers, is the Avogadro number, and is the number of charge carriers in the volume .
Furthermore, the self-diffusion coefficient is defined by the Stokes-Einstein equation as follows:
where, is the effective radius and is the viscosity of the charge carriers.
Consequently, the relationship between the conductivity ( ) and viscosity ( ) is derived by combining the Eqs. 23-25:
where, is the slope.
According to eq. 26, it can be observed that the conductivity is inversely proportional to the viscosity. Figure 5 shows the calculated conductivity of the selected ionic liquids by the UNIFAC-CONDUCT model as a function of the inverse viscosity calculated by the UNIFAC-VISCO model [41] , using identical values of a set of parameters and 0 (first method). As shown in Figure 5 , an excellent linear fitting between the inverse calculated viscosity and the calculated conductivity is observed, which also proves the evaluation capability of the UNIFAC-VISCO model previously developed by our group [40, 41] and the UNIFAC-CONDUCT model proposed during this work.
To further assess this approach, the conductivity of the ([C2mim][DCA] +
[C2mim][SCN]) binary system was purely predicted using the UNIFAC-CONDUCT model with the parameters, reported previously, from the UNIFAC-VISCO model [41] . The literature experimental dataset used during this assessment is also reported in Table 2 [47] . As shown in Figure 6 
Conclusion
During this work, a novel model called the UNIFAC-CONDUCT, which mimics the UNIFAC-VISCO model, is defined for the estimation of the electrical conductivity of pure ILs. Three different approaches were used to determine unknown UNIFAC-CONDUCT parameters using the Marquardt optimization technique. All of them were then assessed using 784 conductivity data points for 38 different ILs as a function of temperature at atmospheric pressure. As expected, the method 3, which is based on the optimization of all fitting parameters, provides the best accuracy.
However, by keeping the values of 0 and as those reported in our previous paper [41] , one can appreciate their physical meanings and this approach indeed reduces the number of unknown parameters for the property estimation by developing a single set of parameters for these two UNIFAC-based methods. In addition, the derivation of the formulation between the conductivity and viscosity of 
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